Fatigue crack growth tests were carried out using centre-cracked tensile (CCT) specimens of ultrafine grained (UFG) copper, aiming at clarifying microstructure evolution around the fatigue crack tip and at better understanding of fatigue crack propagation mechanisms. The fatigue crack growth tests revealed that UFG copper had the lowest threshold stress intensity factor range "K th . On the other hand, the crack growth rates were almost identical among the UFG and conventional specimens tested at higher "K I regime. From the microstructure observation after the fatigue crack growth test, significant grain growth was detected in the intimate vicinity to the fracture surface in UFG copper. The size of the grown grains in the UFG copper increased with increasing stress intensity factor range and with the size of the cyclic plastic zone.
Introduction
Bulk nanocrystalline metals have been attracting growing attention since 90th of the past century, as new techniques to synthesise these metals have emerged. For nanostructured and ultrafine grain (UFG) metals a particular property, fatigue resistance, has become a critical concern that is impacting on their practical. The presently accumulated data on fatigue of nanostructured or ultrafine grain copper 13) nickel, 4) titanium 5, 6) and its alloys, 7, 8) copper-chromium alloys, 9) brass, 10) and aluminium and aluminium alloys 1014) all reveal the same trend for ultrafine/nano structured metals: their high cycle fatigue strength can be considerably improved compared to that of their coarse grain counterparts, although this improvement is not as high as that for monotonic strength. In the low cycle fatigue (LCF) regime ultrafine grained and nanostructured metals are consistently inferior in their ability to sustain cyclic loads.
It has been demonstrated in a few publications pertinent to fatigue of UFG and nano-materials, 5, 11, 13, 1517) that the crack growth resistance reduces notably after grain reduction down to sub-microcrystalline or nano-scale. An explanation for the inferior crack growth resistance of ultrafine grained and nanocrystalline metals was first proposed in Ref. 13 ) upon crack growth studies in AlMg-alloys and copper, 15) (See also Ref. 5 ) for nickel and titanium with grain sizes ranging over three orders of magnitude, from 20 nm to 22 µm). It was convincingly demonstrated that the cracks propagated along grain boundaries which are readily available in orientations favourable for crack propagation in a material with a finer grain structure. More energy is required to extend the cracks in non-opening modes as they grow around coarse grains. For finer grain metals, the fatigue cracks can propagate without the need to re-orient out of the primary crack plane. Consequently, the energy required to grow cracks decreases with decreasing grain size.
Traditionally, total fatigue life of a smooth body is divided into two stages®the stage prior to crack initiation and the stage of crack propagation. In high-cycle fatigue (HCF) at relatively small strain amplitudes, the crack initiation stage dominates most of fatigue life whereas low-cycle fatigue (LCF) is associated mostly with the crack propagation which occurs at relatively large strains.
18) The differentiation between high and low strain amplitudes is conventional, i.e. (i) in the low strain region the elastic part of the cyclic hysteresis loop is dominant and (ii) in the high strain region the plastic part of the hysteresis is the main contributor to the total strain amplitude. Hence, fatigue life at low strains (HCF) is controlled primarily by the strength of materials, whereas in low cycle regime the ductility governs the fatigue life (LCF). Hence, the resistance to crack initiation naturally requires strength while the tolerance to the crack advance requires ductility. The compromised ductility of bulk nanostructured metals and alloy, regardless of the method how they were synthesised, accounts for the lower than expected LCF and fatigue crack growth resistance.
Studies regarding the fatigue cark propagation behaviour in nanostructured and UFG materials are still scarce. No microstructural observations relevant to fatigue crack growth in these materials have been preformed so far. Hence, the motivation of the present work is to reduce the deficit of experimental data concerning the fatigue crack behaviour in ultra-fine grained metals and to clarify the mechanisms of crack propagation with a help of microstructural observations.
Experimental Procedures
Polycrystalline copper of commercial 99.96% purity was used in the present study. An equal channel angular pressing (ECAP) die had 14 © 14 mm 2 square channels intersecting at 90°sharp angle. The copper billets were pressed to 1 (Specimen 1P) and 8 passes via Route Bc (Specimen 8Bc). The ECAPed samples were sliced to prepare (i) flat specimens for monotonic tensile test, and (ii) centre-cracked tensile (CCT) specimens for fatigue crack growth test. Only the slices from the central part of the billet were used for testing. The specimens for tensile testing had a gauge shape of 6 © 3 © 2 mm 3 , and the tensile direction was parallel to the ECAP extrusion direction (ED). The CCT specimen dimensions were 85 © 14 © 2 mm 3 as per ASTM E647 recommendations; a notch length was 2.1 mm, (Fig. 1) . The loading and the notch directions of the CCT specimens were aligned with the ECAP ED and the transverse direction (TD), respectively. The lateral surface (plane of microstructural observations) of the CCT specimens was oriented perpendicularly to the normal direction (ND) axis. For the sake of comparison, the CCT specimens were prepared from well annealed copper (1073 K, 2 h) having of 40 µm average grain size (Specimen A).
All specimens for mechanical testing were mechanically and electrolytically polished to a mirror-like surface. The monotonic tensile tests were conducted using a screw-driven Shimadzu AG-I 2000kN testing frame in air at room temperature. The initial strain rate for the tensile test was set at _ ¾ = 3 © 10 ¹3 s ¹1 . The fatigue crack growth tests were performed using Shimadzu EHF-FB5kN servo-hydraulic machine under the same ambient condition. The sine loading wave with the fatigue ratio R = 0.5 was applied to the CCT specimen at 15 Hz. The fatigue crack growth test on the annealed copper was conducted at R = 0.1 and 10 Hz loading frequency. The crack length was measured with an optical microscope equipped with a video recorder. The stress intensity factor range "K I was calculated as
where "· is the far field stress amplitude, a is the crack length. f(a/W) is a geometrical function given by f(a/W) = 1 + 0.128 (a/W) ¹ 0.288 (a/W) 2 + 1.525 (a/W) 3 , with W the specimen width.
After the fatigue crack growth tests, the CCT specimens were cut to small pieces for microstructural observations of the regions near the fracture surface. The fracture surfaces were coated by electrodeposited copper to protect the subsurface microstructure formed during fatigue crack propagation. Then, the surfaces were mechanically and electrolytically re-polished. The fine microstructure near the fracture surface was investigated by the electron channelling contrast (ECC) technique in a backscattered electron beam. The character and distributions of grain boundaries was explored by means of electron back scattered diffraction (EBSD) technique. A high-resolution field emission gun scanning electron microscope JEOL JSM-6500FE equipped with the ECCI and TSL orientation imaging microscopy system was used. In the present study, grain boundaries having angles of misorientation in the range from 2°to 15°w ere referred to as low-angle boundaries.
Results and Discussion

Microstructure after the ECAP
Prior to mechanical testing, the microstructures of ECAPed specimens were characterised by the EBSD technique. Figure 2 represents the typical maps of grains of Specimens 1P (after 1 ECA pass) and 8Bc (after 8 subsequent Bc passes) in inverse pole figure (IPF) colours. Original grains are heavily distorted and no significant grain refinement is noticed after 1 ECAP pass, Fig. 2 (a), in line with a large amount of observations reported in the literature. A fraction of low-angle boundaries is quite high amounting to of 75%. On the other hand, equiaxed ultrafine grains are commonly observed in the microstructure after 8 Bc passes, Fig. 2 
(b).
Average grain size reduces down to about 0.2 µm. A fraction of high-angle boundaries increases to 60%.
Tensile and fatigue crack growth tests
The tensile behaviour of UFG Cu has been welldocumented. 15, 19, 20) Table 1 summarises mechanical properties acquired from the stressstrain curves obtained in the present study. In fair agreement with the literature, the conventional yield stress · 0.2 of Specimen 1P is of 300 MPa. After 8 passes, the · 0.2 value increases up to 360 MPa, while the ductility (in terms of the strain to failure or uniform elongation) reasonably reduced with increasing number of ECAP passes. The measured mechanical characteristics of the Specimens 1P and 8P appeared to be in good correspondence with former reports on ECAPed copper. Figure 3 shows relationships between the fatigue crack growth rate da/dN and the stress intensity factor range "K I in the specimens under investigation together with the reference data for conventional copper polycrystals having 15 µm grain diameter, 21) plotted for comparison. At lower "K I regime, the crack growth rate in the ECAPed specimens is apparently higher than that of the conventional copper specimens. Similarly to formerly published results for ECAP copper subjected to 12 and 16 ECAP passes, 15) Specimen 8Bc exhibited the lowest threshold value "K th of the stress intensity factor range among the specimens tested, despite its highest tensile strength. However, the crack growth rate tends to be the same for all the specimens at higher "K I regime with only small difference. This behaviour is typical of fatigue crack growth exhibiting the structure most sensitive regime near the fatigue threshold at the lowest stress intensity factor range and the less structure sensitive regime at moderated ¦K values where the Paris law is obeyed. Figure 4 shows a typical microstructure near the fatigue fracture surface of conventional annealed Specimen A. A dotted line in the figure demarcates the fracture surface (below the line) and the coating (above the line). The fracture surface reveals asperities of several micrometers amplitude. Hence, the crack propagation path is very tortuous with frequent change in the local crack growth direction, which induces high crack closure levels. The cellular structure with typical dimensions of the order of 1 µm is revealed below the fracture surface in the grains with initial average diameter of 40 µm. The characteristic bright contrast of the boundaries (indicated by an arrow in Fig. 4 ) between the granular structures is indicative of dense dislocation walls, which are typically detected as a bright band in ECC images. 22, 23) Hence the cellular units, which are visible in Fig. 4 , are most likely separated by dislocation walls with low angles of misorientation.
Microstructures after fatigue crack growth tests
It is well known that specific dislocation structures are often created in cyclically deformed metallic materials as a result of self-organization of dislocations generated in the course of cyclic deformation. The morphology of these selforganized dislocation structures depends on the specimen crystallography and on the plastic strain amplitude ¦¾ pl /2 during fatigue. In pure copper, the cell structure is generated at high ¦¾ pl /2 magnitudes. Because the stress rises at a crack tip, the local plastic strain amplitude around a fatigue crack in a ductile material is distinctly higher than the imposed average ¦¾ pl /2 value. Hence, the fatigue structure, which is seen in Fig. 4 , is similar to the cell structure which is commonly observed in smooth specimens subjected to cycling at high plastic strain amplitudes. Hence it is quite reasonable that the bright boundaries in Fig. 4 are consistent with the cell structure having dislocation wall boundaries induced during fatigue. ECC images of the area near the fatigue fracture surface of Specimen 1P are shown in Fig. 5 . In the intimate proximity to the fracture surface, the cell structure is developed, which is very similar to that formed in Specimen A. In the area distant from the fracture surface (a lower part of Fig. 5(a) ), the intensity of the ECC image is not uniform, corresponding to the distorted microstructure produced by a single ECAP pass, Fig. 2(a) . As seen in Fig. 5(b) , some asperities are found on the fracture surface. A small crack branching off the main crack can be also noticed on the photograph.
The inverse pole figure (IPF) coloured map of the grain structure near the fracture surface of Specimen 1P is shown in Fig. 6(a) . The grains visible near the fracture surface correspond to the cell structure seen in the ECC image, (Fig. 5) . The grain boundary distribution over the same area is plotted in Fig. 6(b) . Low-angle boundaries are apparently dominant in the cell-structured area. Thus, the cells, which are seen in Fig. 5 , can be regarded as subgrains with small angles of misorientation between the adjacent domains. A fraction of low-angle boundaries in the cell-structured area was of 73%, which is almost equal to that prior to the fatigue crack growth test in the initial as-ECAPed specimen. Figure 7 shows the microstructures near the fracture surface in Specimen 8Bc at different crack lengths along the fatigue crack path corresponding to "K I = 2.3, 2.9 and 3.6 MPa©m 1/2 , respectively. The UFG structure introduced by the 8-pass ECAP remains virtually unchanged in the regions apart from the fracture surface, Fig. 7(a) and (b) . However, a striking discovery of the present study is that the grains adjacent to the fracture surface appear to be evidently larger than usual ultra-fine grains of ECAP structure. This statement remains valid for all "K I values, i.e. the grain coarsening is systematically observed along the fatigue crack path.
Apparently, the possible effects of temperature rise should be ruled out as it does not exceed several degrees even for relatively fast growing cracks 24) because of very high thermal and electric conductivity of copper. Hence, the revealed grain coarsening is a fatigue induced phenomenon associated with dynamics of cyclic straining.
Because grain growth occurred locally near the fracture surface, the large cyclic strains in a cyclic plastic zone around the crack tip should be responsible for this phenomenon in way similar to dynamic grain coarsening observed frequently in ECAP Cu during low cycle fatigue testing at relatively large strain amplitudes. 25, 26) Grain growth is also evident in the fatigue fracture zone of Specimen 8Bc from EBSD observations represented in Fig. 8 by the IPF-coloured map (a) and the image quality map with superimposed grain boundaries marks (b). A fraction of highangle boundaries is about 80% in the region where the grain growth was observed, although it was of 60% in the initial as-ECAP structure before the test. Thus, (i) the volume fraction of grain boundaries reduced in the vicinity of the fracture surface and (ii) the fraction of low-angle boundaries decreases while the fraction of the high-angle boundaries increased. In contrast to the cell structure, which is dominant in the fatigue fracture zone of Specimen A, the 8Bc ECAP specimen exhibits a coarsened grain structure with high angles of misorientations between adjacent domains after the crack growth test. The border line between the grain-coarsened region and the fine grain matrix is clearly seen by naked eyes on ECCI and EBSD images such as shown in Figs. 7 and 8 . The thickness of the near-surface layer l gr with visibly enlarged grains was measured statistically from several ECCI and EBSD micrographs. Eight to twelve measurements were implemented along the specimen axis from the fracture surface to the nearest fine grain for each specimen. For "K I = 2.3, 2.9 and 3.6 MPa©m 1/2 the corresponding l gr values appeared to be 2.0 « 0.4, 3.2 « 0.2 and 5.5 « 0.3 µm, respectively. Hence, the thickness of the grain-growth region increases with increasing "K I value in good agreement with the parabolic law as can be expected from the linear fracture mechanics, where the size of crack-tip cyclic plastic zone r cp is estimated as 18) r cp 1 ³
where · 0 y is the cyclic yield stress, which is estimated from the cyclic stress strain curve. 15) Thus, the dependence of the thickness of the near-surface layer with the coarsened microstructure on the stress intensity factor range can be reasonably understood, at least qualitatively, within a fracture mechanics approach. However, taking · 0 y = 300 MPa for ECAP Cu, 15) which is the upper bond estimate, the r cp magnitude is calculated as 5.0, 7.8 and 12 µm for "K I = 2.3, 2.9 and 3.6 MPa©m 1/2 , respectively. Let us notice that when a material softens during fatigue, the cyclic yield stress is considerably lower than the monotonic one. Using monotonic properties in eq. (2) would therefore give rise to underestimated results. However, the present r cp estimates are of two times greater than the measured grain-growth region thickness l gr at any "K I . Hence, the fracture mechanics analysis assumes that cyclic plastic deformation occurs in a region, which is wider (although not unreasonably wider) than the grain-growth region. The explanation for this seeming discrepancy is quite straightforward. Strains are non-evenly distributed in the cyclic plastic zone and the strain gradient exists inevitably from the crack tip to the periphery. Grain growth is induced in the region where plastic strains are large enough. This picture resembles again the situation in LCF fatigue of smooth bodies where the grain coarsening increases with increasing strain amplitude.
As can be seen in Fig. 7 , the "K I value exerts some effect on the amplitude of surface asperities in Specimen 8Bc. Measured values of average fracture-surface roughness are listed in Table 2 . The average roughness at "K I = 3.6 MPa©m 1/2 is comparable with those of Specimens A and 1P. When the surface roughness is significantly developed, the crack growth rate is normally lowered due to reduction of the effective stress intensity factor, which is induced by the crack closure. 18) Moreover, crack branching like that seen in Fig. 5(b) is expected to occur frequently if the growth rate is irregular and the crack path trajectory is tortuous. Accordingly, the reduced crack growth rate at the high "K I regime in Specimen 8Bc is attributed to the increased fracture surface roughness and the associated crack closure. Figure 9 shows average grain size d (Specimen 8Bc) and average cell size d c (Specimen A) near the fracture surface, plotted against the "K I value. The cell size decreased linearly with increasing "K I . This dependence of the cell size agrees with the crack-tip TEM observation in a fatigued copper. 27) On the other hand, the grains near the fracture surface in Specimen 8Bc follow the opposite trend: grain size increased with increasing "K I value in fair agreement with the parabolic law d / ðÁK I Þ 2 as can be seen in Fig. 2 . The plastic strain tensor ¾ ij in a grain having a single operating slip system is given by the following equation. 28 )
where b is the magnitude of the Burgers vector of dislocations, μ m is the mobile dislocation density, ¡ ij is the parameter determined by slip system geometry, and ¤x is the average displacement of dislocations. According to eq. (3), a large plastic strain around a crack tip can be accommodated if the mobile dislocation density μ m is sufficiently high. Since there has been a dense network of dislocation walls, Fig. 4 , which may act as natural sources/sinks of mobile dislocations near the fatigue fracture surface of Specimen A, it is plausible that accommodation of plastic strains ahead of the crack-tip is accomplished mainly by the mobile dislocations. This model view is consistent with the increase in the dislocation walls (i.e., the cell boundaries) at the high "K I value. Compared to 1-pass Specimen 1P, the microstructure in the near-fracture surface region in Specimen 8Bc is featured considerably lower number of dislocation walls and high angle of misorientations between neighbouring grains. Dislocation multiplication by a Frank-Read unpinning mechanism in small grains is not easy as it requires fairly large shear stress¸which inversely scales with the grain diameter¸
where ® is the shear modulus and ¢ is the geometrical parameter, which determines the characteristic length of the Fran-Read source L. Taking L = d/3 and therefore ¢ = 3, one obtains that¸is of the order of 120 MPa for UFG copper having d = 3 © 10 ¹7 m, m = 4.5 © 10 10 Pa and b = 2.5 © 10 ¹10 m, which agrees qualitatively well with the normal yield stress · = 360 MPa, Table 1 , if converted from¸using Taylor factor. Possibly, in the case of UFG structure such as that in Specimen 8P the crack-tip plastic deformation was accommodated not by the excess mobile dislocation density, but by the extension of the average dislocation displacement ¤x. Thus, the dynamic grain coarsening at the high "K I value in Specimen 8Bc could be geometrically required since the mobile dislocation density cannot increase.
Effect of bimodal structure on the crack growth
Higher stress levels, lower ductility and susceptibility to strain localisation in macroscopic shear bands in UFG metals results commonly in reduced LCF life as compared to that of fully annealed reference alloys. 10, 15, 16) However, the LCF properties smooth UFG samples can be considerably improved by post-ECAP annealing at moderate temperatures, which reduces the initial dislocation density, the internal stresses and the number of stress risers and also leads to relaxation of non-equilibrium, high-energy grain boundaries produced by ECAP. In particular, it was suggested that by producing bi-modal grain structures 29) with co-existing populations of small and large grains a favourable combination of strength and ductility may be achieved, which also promotes improved LCF performance. 30, 31) It has not become clear yet to what extent the heat treatment resulting in a bi-modal structure can affect the crack growth rate. No systematic investigations addressing this issue have been performed so far to the author's best knowledge.
Therefore, in the present work several UFG specimens were produced by ECAP by 8Bc passes and then subjected to short time annealing in oil bath at 473 K for 3 and 10 min. As expected, this treatment resulted in bi-modal microstructures as shown in Fig. 2(c) and (d) . After annealing for 3 min the coarse grains were generated in the UFG matrix due to abnormal grain growth. The UFG microstructure is still prevailing in these specimens. In contrast, the coarse grain structure is dominant in 10 min annealed specimens, although the UFG grains are still clearly seen. Hence the two types of bi-modal structures with different fractions of coarse grains were produced. The short-term annealed CCT specimens were tested under the same conditions as 1P and 8Bc specimens at R = 0.5.
Results of the crack growth tests are shown in Fig. 3 for easy comparison with other specimens. Evidently, the fatigue threshold reasonably increases after annealing in line with expectations relying on gained extra ductility due to a bi-modality of the microstructure, c.f. Table 1 . However, despite some improvement, the fatigue threshold values remain to be remarkably lower than those for conventional annealed copper. Bearing in mind the significant difference in the fractions of coarse grains in two bimodal structures, the conclusion is that only modest enhancement in the crack growth resistance is achieved through annealing of the UFG structure. Besides, the crack growth rates in the as-ECAPed 8Bc UFG specimens and in the short-term annealed specimens are nearly the same at the stress intensity range above 3 MPa©m 1/2 . This suggests that the mechanisms controlling crack propagation at moderated ¦K values are essentially the same in the UFG and in the short-term annealed specimens with the bi-modal microstructure. The latter can be straightforwardly understood from microstructural changes which occur during fatigue crack growth: (i) high cyclic plastic strains ahead of the crack tip promote cyclic grain coarsening which is particularly pronounced in the asECAPed UFG state; (ii) the crack propagates in the grain coarsened region in the same way as it does in the short-term annealed specimens.
EBSD and ECCI observations showed that the effect of grain coarsening during the crack growth test is masked by the coarse grains induced by annealing. These results are therefore of minor interest and are not discussed here.
Conclusions
(1) In lower "K I regime, crack growth rates in the ECAP manufactured CCT specimens are significantly higher than those in conventional coarse grain copper. Increasing number of passes results in reduction of the fatigue threshold stress intensity factor range. On the other hand, the crack growth rates were almost identical among the UFG and conventional specimens tested at higher "K I regime.
(2) The trade-off between the high strength and the poor fatigue crack growth resistance can be compromised to some extent by low temperature short-term annealing resulting in a bi-modal microstructure. However, the desired level of fatigue thresholds, which is typically demonstrated by conventional annealed counterparts, is far not reached.
(3) Intensive grain growth occurs in the near-fracture zone in UFG copper during fatigue crack propagation. The thickness of the fatigue crack affected zone containing coarsened grains and the size of enlarged grains in UFG copper increase with increasing size of the cyclic plastic zone controlled by the "K I value. This result is at variance with the behaviour of the dislocation cell size near the fatigue fracture surface of conventionally annealed copper, where the dislocation cell size decreases with increasing "K I .
